The program for the final disposal of low and intermediate level radioactive waste was established by Paks Nuclear Power Plant, Hungary. Preparation of final disposal has been done as part of a national program since 1993. The Central Nuclear Financial Fund and the Public Limited Company for Radioactive Waste Management (PURAM) have been established to coordinate organizations and activities for all tasks in connection, with nuclear waste treatment. The project was started with a geological screening in order to find the most suitable geological formation for a radioactive waste repository. The selected potential host rock is the Mórágy Granite Formation in the south-western part of Hungary, close to the village of Bátaapáti.
Introduction
In rock mass and rock samples the existing fractures tend to close as the stress increases. The mentioned closure of the existing fractures in the rock brings the failure brittle.
By opening underground spaces in a stressed rock mass results in the deformation of the near-field rock due to a redistribution of stresses, resulting in induced stress concentrations. This stress redistribution increases strain energy in zones of increased compression. The high induced compressive stresses around a deep opening result in the initiation and propagation of stress-induced fractures parallel to the excavation boundary. Accordingly, it is important to establish the thresholds associated with microscale and macroscale fracturing in the in-situ rock mass.
The deformation and fracture characteristics of brittle rocks have been studied by numerous researchers over the past decades. Among the proposed fundamental concepts of rock fracture, Griffith's theory [1] in elastic materials is the fundamental concept on which past and present research has been based. A Griffith's crack is a flaw which is approximately elliptical in shape. It is assumed that the fracture initiates from the boundary of an open flaw when the tensile stress on this boundary exceeds the local tensile strength of the material. Griffith's cracking scenario was later modified to account for the frictional effects due to crack closure in compression by McClintock and Walsh [2] . Brace [3] and Bieniawski [4] later proposed the generally-accepted concept of a brittle rock failure mechanism, which extensively describes the brittle failure process as crack closure, crack initiation and crack propagation leading to failure. Brace and Bombolakis [5] and Hoek and Bieniawski [6] have demonstrated experimentally that a crack which initiates on the boundary of the elliptical flaw propagates out of the plane of this flaw.
Hoek [7] summarized the early research on brittle fracture behaviour of hard rock by Griffith [1] . Moreover, Hoek [7] showed that since a fracture is assumed to occur when the tangential stress on the boundary of the flaw exceeds the local tensile strength of the material, it can be assumed that the crack will propagate in a direction which is normal to the boundary of the ellipse. It is strongly believed that the micro-cracking mechanism is initiated from preexisting cracks in rock which lead to macro-cracking failure. The initiation and propagation of cracks generate elastic waves in conjunction with energy release called acoustic emissions. Therefore, the study of acoustic emission (AE) allows the identification of the characteristics and correlates with the fracture mechanism. Lajtai and Lajtai [8] , Reyes and Einstein [9] and Bobet and Einstein [11] have studied extensively the cracking patterns of overlapping and non-overlapping flaws in gypsum plaster under confined and unconfined compression.
Griffith's theory was further supported by the studies by Reyes and Einstein [9] , Shen [10] and Bobet and Einstein [11] , who observed two types of crack patternsi.e., primary and secondary cracks in pre-existing fractures in gypsum specimens loaded in uniaxial and biaxial compression. However, as Brady and Brown [12] commented, the use of Griffith's microscopic theory to predict the macroscopic behaviour of rock material under a variety of boundary conditions requires the introduction of a set of Griffith crack size, shape and orientation distribution functions which have not yet been defined. The main objective of the present study is to investigate the deformation and strength characteristics and the fracturing characteristics of Mórágy Granite Formation (MGF) granite, under static loading conditions, in order to better understand the behavior of the rock around underground caverns.
Geological background
The investigated samples were collected from the National Radioactive Waste Repository (Low and Intermediatelevel Wastes) beside the village of Bátaapáti [13] , which in geographically part of the Eastern-Mecsek Mountains, and in geological terms part of the NE Mórágy Crystalline Block. The area represents a part of the so-called Mecsek-Zone as the northern element of the Tisza Unit [14] . The block is bordered by approx. 750-1000 m wide, socalled Mecsekalja Dislocation Zone from the direction of NE and Triassic-Jurassic successions from North. Lower Miocen and Pannonian beds (sandstones, conglomerates, marls) have been deposited at the margins of the MGF (Figs. 1 and 2 ). This crystalline basement has been covered by Pleistocene and Holocene deposits (loess, red clays, fluvial complex) [15, 16] .
The rocks of the MGF were formed by mixing of felsic and mafic magmas resulted the amfibol and quartz monzonite contains enclaves that are the relics of this magma mixing [17] . Beside that leucocratic dykes are crosscut both of the granitoid rocks and their enclaves. The rock types are the following: monzogranite, mafic enclaves (monzonite, syenite, and diorite), and leucocratic dykes with aplites.
The structural evolution of the Mórágy Granite is quite complex [18] : 
Mecsekalja Dislocation Zone
• Formation of the elongated shape pluton and magma mixing in the Palaeozoic. • Variscan orogeny: The Formation suffered regional metamorphism reflected in ductile deformation structures (S1and S2 foliation, narrow mylonitic zones). Accessories are the following: apatite, titanite, and zircon.
Theoretical background of fracture propagation
What's mean intact rock? From an engineering point of view the right answer is investigating laboratory scale rock samples example intact bored drill cores. For many rock types, the grain size is small enough that samples of this scale can be considered homogeneous and isotropic.
A number of stress states need to be considered and, as is common in most discussions on this topic, it will be assumed that these stress states can be considered in two dimensions.
In other words, it is assumed that the intermediate principal stress σ 2 has a minimal influence on the initiation and propagation of failure in the samples [21] (Fig. 3) .
As we check the theoretical background, we have to make a stop at the Griffith's theory.
Griffith [22] proposed that the failure of brittle materials is governed by the initial presence of microcracks. Under uniaxial tension, the tensile strength predicted by the Griffith's theory (Eq. (1)).
where E' = E for plane stress problems and E' = E/(1-ν 2 ) for plane strain problems and E is the Young's modulus, ν is Poisson's ratio, γ is the specific surface energy, c is the half crack length, and λ is a numerical constant (λ = 2/π).
Other researchers summarized the brittle failure of rock materials by using other approach [23, 24] . The stresses induced around open penny-shaped cracks in a semi-infinite body subjected to triaxial compressive stresses σ 1 , σ 2 and σ 3 . It was shown that the intermediate principal stress σ 2 has no significant influence on the crack tip stresses inducing tensile failure initiation. Hence, this criterion is essentially equivalent to loading a penny-shaped crack in a biaxial stress field, as shown in Fig. 4 .
Measurement of the basic spalling parameters by using laboratory testing
The excavation of an underground opening in a stressed rock mass results in the deformation of the near-field rock due to a redistribution of stresses, resulting in induced stress concentrations. The mentioned stress redistribution increases strain energy in zones of increased compression. If the Fig. 3 Intact rock failure characteristics [21] resulting imbalance in the energy of the system is severe enough, it can result in the progressive degradation of the rock mass strength through fracturing. Hence it is important to establish the thresholds associated with microscale and macroscale fracturing in the in-situ rock mass.
Regarding to the brittle failure the most adequate theory was presented by Martin [26] (Fig. 5) .
The most reliable methods are the crack volume strain method (with strain gauges) and the acoustic emission method (with AE transducers) for the determination of crack closure (CC), crack initiation (CI) and crack damage (CD) thresholds [27] .
The damage thresholds were determined following the methods outlined by Eberhardt's and Martin's instructions [26, 28] .
At the first investigation phase, from 208 UCS measurements using strain gauges we could use only 55 gave reliable strain results to determine the strength thresholds. This was because the strain gauges on the cores were damaged often before the failure of the samples.
To make possible the detection of the mentioned thresholds it is required the simultaneously functioning of the installed strain gauges at the CD boundary.
Based on the statistical analyses, a smaller range of values at CC and CI thresholds were observed. Typically, the CI threshold is 35-50 % of UCS, while the CD is around 80 % of UCS [27] .
The summarized results show, that the monzogranite samples behaves as brittle material during the UCS laboratory tests (between the CD and failure stage rarely could be detected "creeping", or ductile indications).
Because of the sub-granular structure of the monzonite, it deforms ductile before the failure. This stage is somewhat larger than in the case of monzogranite. The results are summarized in Tables 1 and 2 [29] .
As second laboratory measuring method is the multistage triaxial testing which samples were studied by microscopic examinations together with the UCS tested samples.
During the tests, a rock specimen is inserted to a compressive stress state in which the maximum principal stress is increased at a constant rate and the other two principal stresses are by equal magnitude, i.e., σ 1 > σ 2 = σ 3 > 0, where positive stresses indicate compression. Although such a stress field is not particularly common in the subsurface, as is indicated by [30, 31] , it is commonly used in rock mechanics laboratories due to necessity which results from experimental restrictions.
According to the recommendations of the International Society for Rock Mechanics, there are three ways to carry out a conventional triaxial test, [32] : a.) the single stage triaxial test; b.) the multiple failure state triaxial test; and c.) the continuous failure stage test.
The presented failed sample was tested by the multiple state triaxial test method. Fig. 4 Tensile crack propagation from an inclined elliptical Griffith crack in a biaxial stress field, after [21, 25] With the single stage test, several triaxial tests are required in order to determine the strength envelope of a rock sample with satisfactory accuracy, over the required range of confining pressures, where the actual number of specimens needed depends on the intrinsic variability of the rock and the scatter of the data. As an alternative, a methodology was proposed by Kovari and Tisa [33] , called the "Multiple Failure State Triaxial Test" (or simply the "multistage triaxial test"), in which, by using only one specimen, more than one stress points of the failure envelope are obtained.
The peak and the residual strength envelopes of our specimens were obtained and their strength parameters were determined through simple regression techniques.
The following figure (Fig. 6 ) summarize the Hoek-Brown failure envelopes of the first successful tested rock specimen group by multistage triaxial testing method. During the measurements we were using between 3 and 9 stages by changing the confinement stress [34] . Presently in the new investigation phases we are able to test the core samples until 40 MPa confining pressure.
During the UCS and the triaxial tests were used strain gauges, in the future investigations will be added AE sensors for the better characterizing the failure behavior.
Petrographical observations
At this first microscopy stage the aim was to investigate the cracking mechanisms, crack initiation and the damage characteristics leading to failure. Thin sections were cut before and after the measured rock specimen failure and examined by petrological microscope.
The thin sections were prepared from the cut rock pieces from the rock cores axial and lateral planes.
The first sample, BeR-4_KV-001 was tested by using continuously 5 MPa confining pressure and failed at 157 MPa.
The second sample, Bp-3_KV-031 was tested by using 3 confining pressure stages (Fig. 7) .
The following figures (Figs. 8-14) show the results on the petrographic microscopy.
Thin sections prepared from the intact samples, contain some visible fractures which are infilled and appear prominently the schistosity as a trace of previous geological history (Fig. 8) .
The thin section exposure has shown a slightly sheared, (mylonitic texture) monzogranite, consists of sub grained quartz crystal matrix, embedded anhedral, peripheral sub grained biotite augens due to the plastic deformations, rounded shape, euhedral potassium feldspar with sericite alteration and plagioclase crystal aggregate.
In the microscopic photographs, two types of pre-existing cracks are observed, namely inter-and intra-granular cracks ( Figs. 9 and 10) .
Three types of intragranular cracks were observed, namely intra-granular veins, cleavages and micro-fissures. Numerous cracks filled with mica minerals were observed within the quartz grains and in the ultramafic minerals, suggesting that the specimens had a significant metamorphic history (Fig. 11) .
Two types of stress-induced cracks were observed and grouped as follows:
• intergranular cracks, which initiate and propagate from the grain boundary, • intra-granular cracks, which initiate and propagate within the mineral grain. Under uniaxial loading conditions, once the stress concentration has overcome the interlocking cohesion in the grain boundaries between mineral grains or exceeded the tensile strength of mineral grains at the tip of cracks, sliding or crack initiation may occur [7] . Generally, cracking initiates at the most favorable angle where the highest stress concentration is induced. As observed in this study (Fig. 11) , sliding may occur along the grain boundary below the crack initiation stress level. Afterwards cracking initiates and propagates into another mineral aligned with the loading direction at the higher stress level shows that cracking initiates and propagates from the grain boundary healed by mica minerals between quartz and plagioclase. According to Fig. 12 , the crack is straight and becomes narrower as the crack propagates in the stress direction.
As it is observed, cracking is initiated in quartz and feldspar grains from the mica mineral-filled veins or from the pre-existent nucleation and propagates in the direction aligned to the principal stress (depending on the cut direction of the specimen, this is the axial or lateral stress direction) (Fig. 11 ). This crack resembles Griffith's crack, where cracking is initiated near the crack tip and out of the crack plane.
Cracking is initiated from the pre-existing intra-crystal crack or microfissure ( Fig. 9 ). From the pattern of crack propagation from initial wing cracking (tensile cracking), progressive propagation of cracking with different phases of loading is clearly shown with a wider crack width narrowing down.
Two types of cracks have been regularly observed: primary cracks and secondary cracks. Primary cracks or Wing cracks appear first; they are tensile cracks which start at the tips of the flaw [11] and propagate in a curvilinear path as the load is increased. Wing cracks grow in a stable manner since an increase in load is necessary to lengthen the cracks, and align with the direction of the most compressive load [35] . Secondary cracks appear later and are responsible, in most cases, for specimen failure, they are described by many authors as shear cracks. Secondary cracks in most cases initiate in a direction coplanar to the flaw (pre-existing crack), although other researchers, such as [8, 36] , have described other initiation directions. This appears to indicate that the direction of initiation of the secondary cracks may be material dependent. The preceding description must be viewed as a limited summary since there are other cracks which, although described by some researchers, are observed in the micrographs (Figs. 11, 12, 13, 14) . For a detailed review of the types of cracks observed in uniaxial compression [11] . In multiple flaw systems under uniaxial loading, wing cracks and secondary cracks also occur and eventually lead to coalescence.
Wing cracks appear in all uniaxial compression tests and in biaxial compression tests at low confining stresses. Wing cracks emanate from the tips of the flaws, and propagate in a stable manner following a curvilinear path that aligns with the most compressive load. Wing cracks propagate in a stable manner; i.e. the external load needs to be increased for the cracks to propagate further. Internal and external wing cracks, once produced, remain open up to coalescence or up to failure if there is no coalescence. If coalescence occurs, the internal wing cracks close at coalescence. In general, the external wing cracks are longer than the internal wing cracks; the external wing cracks can even reach the top and bottom boundaries of the specimen and cause failure, while the internal wing cracks are usually confined to the ligament area.
Lajtai [8, 36] found that fracture initiation greatly depends on the geometry of wing cracks, which is the term usually given to the tensile cracks that initiate at the points of maximum tensile stress concentration and propagate along a curvilinear direction that becomes roughly parallel to the far field compression ( Fig. 15.(a) ). In addition, secondary cracks also initiate from the flaw tips, similar to tensile crack initiation, except that the extended direction and stress level of initiation are determined by the direction and magnitude of maximum shear [37] . A coalescence crack could be produced by a tensile crack or shear crack or mixed tensile and shear cracks [11] . The generation of shear fractures and tension fractures could be combined, which often marks the failure of a specimen. The relative positions of the pre-existing flaws play a significant role in crack coalescence. The cracks would interconnect in the propagation process if the pre-existing flaws overlap, as presented in Fig. 15.(a) . In [10] results indicate that the position where the wing crack initiates also depends on the magnitude of confining stress that transits from the flaw tip to the middle of the flaw and finally disappears with increasing confinement.
The research on crack propagation and coalescence from microscopic to macroscopic scale in gypsum and Carrara marble specimens with one and two pre-existing flaws was conducted by Wong and Einstein 0, [40] . The coalescence type was related to bridge length, bridge angle and flaw inclination angle ( Fig. 15.(b) ). Numerous studies mainly concentrate on the pre-existing flaws that completely penetrate the (two dimensional) specimen. Less work has been done on crack growth from pre-existing flaws that do not penetrate completely through the specimen, which is a more complicated non-planar problem. Teng [41] found that crack growth from non-penetrating flaws is spiral and not coplanar to the initial flaws. 3D wing cracks were studied by [42, 43] , in which the growth of wing cracks from pre-existing flaws was influenced by their shape, location and spacing.
In our thin sections are not clearly visible this phenomenon as regularly in case of planar observations. But the previously mentioned parallel, overlapping and non-overlapping flaws (or pre-existing cracks) are presents in the Figs. 12-14. In [44] , the numerically simulated results demonstrated that rock heterogeneity and inclination of the pre-existing flaw are important factors that could affect the crack patterns and peak uniaxial compressive strength of rock specimens. To investigate the propagation and coalescence of nonpenetrating surface flaws and their effect on the strength of soft rock material, gypsum was selected for the experimental investigation.
Conclusions
In this laboratory study, uniaxial and triaxial compression tests were carried out.
As a detailed investigation, a comprehensive petrographical analysis using a petrological microscope was performed to identify the mode of cracking and the characterization of the cracking pattern on the UCS and triaxial laboratory tested specimens.
The cut samples for the thin sections were prepared from the intact and failed tested rock core samples. In the thin sections prepared from the intact samples, were identified only mica infilled previous cracks and appears prominently the schistosity as a trace of previous geological history. For the used intermediate stress states during the laboratory tests, no sample collection was performed.
In the MGF granitic thin section specimens were definitely identified the flaws (initial cracks) and the wing cracks. Secondary cracks were observed less frequently.
Two types of pre-existing cracks are observed under the petrological microscope, inter-and intra-granular cracks.
Under optical watching the development of flaws (or preexisting cracks) found to be more complicated than in the simplified laboratory tests by using gypsum material, which were found in the literature. Even so coalescence of wing cracks with different isolated cracks or crack systems might be the main source of the smashing and failure of specimen.
As further investigation it is planned to be collected and prepared thin sections from tested UCS rock core specimens by using strain gauges and AE sensors [45] . For the complex microscopic investigation of the cracking behavior, samples will be collected from the different crack development stages: intact, crack initiation (CI), crack damage (CD) and UCS (or failure).
Fig. 15
Crack pattern in brittle specimen with parallel and overlapping (a.) or non-overlapping (b.) pre-exiting flaws in uniaxial compression. Tips 3-6 are internal tips, and tips 1, 2, 7 and 8 are external tips [38] 
